We provide a classification of generalized CP symmetries preserved by the neutrino mass matrix according to the number of zero entries in the associated transformation matrix. We determine the corresponding constrained form of the lepton mixing matrix, characterized by correlations between the mixing angles and the CP violating phases. We compare with the corresponding restrictions from current neutrino oscillation global fits and show that, in some cases, the Dirac CP phase characterizing oscillations is highly constrained. Implications for current and upcoming long baseline neutrino oscillation experiments T2K, NOνA and DUNE, as well as neutrinoless double beta decay experiments are discussed. We also study the cosmological implications of such schemes for leptogenesis.
fulfill [7, 9, 10] U −1 XU * = diag (±1, ±1, ±1) .
Then the lepton mixing matrix is determined to be of the form:
whereX −1/2 is a diagonal matrix with non-vanishing entries equal to ±1 or ±i, which is necessary for making neutrino masses positive [6] . Without loss of generality, this matrix can be parametrized aŝ
with k 1,2 = 0, 1, 2, 3. The Majorana phases may be changed by π due toX −1/2 . On the other hand, the O 3×3 is a generic three dimensional real orthogonal matrix, and it can be parametrized as 
where θ 1,2,3 are real parameters, and a possible overall minus sign of O 3×3 is omitted since it is irrelevant to flavor mixing parameters. Therefore the lepton mixing matrix is predicted to depend on three free parameters θ 1,2,3 besides the parameters characterizing the residual CP transformation X. In the following, we shall classify all possible forms of the remnant CP transformations according to the number of zero elements in X and investigate the corresponding predictions for the lepton flavor mixing parameters and their implications for the lepton CP violation in conventional neutrino oscillations, neutrinoless double beta decay as well as leptogenesis.
A. The angle-phase parametrization
For three light Majorana neutrinos the leptonic mixing matrix can be expressed in terms of three rotation angles and three CP violation phases [6] . Here we will take these six independent parameters expressed within the PDG prescription given as [11] 1 : 
where c ij ≡ cos θ ij and s ij ≡ sin θ ij and K is a diagonal matrix of phases chosen as K = diag 1, e iα21/2 , e iα31/2 . The δ CP is the Dirac CP violation phase and α 21 , α 31 are two Majorana CP violation phases. In this parametrization the mixing angles and magnitudes of the entries of the U PDG matrix are related as: 
The well known Jarlskog-like invariant is defined as J CP = (U PDG )
J CP = 1 8 sin 2θ 12 sin 2θ 23 sin 2θ 13 cos θ 13 sin δ CP .
This expression gives a very transparent interpretation of the Dirac leptonic CP invariant. There are two additional rephase invariants I 1 = (U PDG ) 2 12 (U PDG ) * 2 11
and I 2 = (U PDG ) 2 13 (U PDG ) * 2 11 , associated with the Majorana phases [13] [14] [15] 
where α 13 = α 13 − 2δ CP . These invariants appear in lepton number violating processes such as neutrinoless double beta decay which do not depend, as expected, on the Dirac invariant J CP .
II. TEXTURE ZEROS OF THE REMNANT CP TRANSFORMATIONS
In order to perform the classification of the remnant CP transformations in terms of texture zeros, it is necessary establish the way of counting these zero entries in the X matrix: two zeros off-diagonal counts as one texture zero, while one zero on the diagonal counts as one texture zero [16] . The CP transformations are unitary-symmetric matrices and consequently have non-zero determinant.
Hence, the X matrix cannot be represented by a matrix with six or five zero elements. In other words, the maximum number of zero entries in the CP transformation matrices must be four. The CP transformation matrices with four texture zeros and the corresponding Σ matrices are given in the Table I . For this case the lepton mixing matrix is obtained through Eq. (2) , and the mixing parameters are given in the fourth column of Table I .
The type-I X matrix with four texture zeros corresponds to the so-called µ − τ reflection [8, [17] [18] [19] . It is remarkable that both the atmospheric mixing angle θ 23 and the CP violation phase δ CP are predicted to be maximal for any values of the free parameters θ i while Majorana phases take on CP-conserving values.
For the type-II X matrix one sees that reactor and atmospheric angles are strongly correlated each other, sin 2 θ 23 = 1 − tan 2 θ 13 , sin 2 θ 12 = 1 2 1 + tan 2 θ 13 cos 2θ 3 .
Given the measured value of reactor angle θ 13 , we have sin 2 θ 12 1 2 and sin 2 θ 23 1. The measured values of the solar and atmospheric mixing angles can not be achieved in this case.
For the residual CP transformation with four texture zeros type-III, the lepton mixing matrix is related to the type-II case through the exchange of the second and third rows,
As a consequence, except for the atmospheric angle θ 23 and Jarlskog J CP , the expressions for the rephasing invariants and mixing angles are the same as those obtained in the previous case. sin θ 2 sin 2θ 3 cos 2 θ 2 , sin θ 2 sin 2θ 3 cos 2 θ 2 ,
TABLE I: The CP transformation matrices with four texture zeros and the corresponding Σ matrices, where α, β and γ are real. The resulting lepton mixing matrix is obtained through the Eq. (2). Type-I is the conventional µ − τ reflection while for
type-II and -III Σ matrices are related by a permutation of the second and third row. The experimentally measured values of the three mixing angles θ12, θ23 and θ13 can not be reproduced.
denote as type-IV CP transformation matrix and whose explicit form is:
with α, β, γ ∈ R. Its Takagi factorization reads as Σ = diag e iα/2 , e iβ/2 , e iγ/2 . The lepton mixing parameters are given by sin 2 θ 13 = sin 2 θ 2 , sin 2 θ 12 = sin 2 θ 3 , sin 2 θ 23 = sin 2 θ 1 , and sin δ CP = sin α 21 = sin α 31 = 0. We see that all the three CP phases are zero or π in this case while the lepton mixing angles are unconstrained.
The CP transformation matrices with two texture zeros and the corresponding Σ matrices are given in Table II .
The explicit form of the lepton matrix can be obtained from Eq. (2) and the mixing parameters are given in the fourth column of Table II . The type-V CP transformation with with two texture zeros is exactly the generalized µ − τ reflection symmetry [7] . The atmospheric angle and the Dirac CP phase δ CP only depend on two parameters θ 1 and Θ, as they are related by
Moreover the Majorana phases α 21 and α 31 take on CP-conserving values. The phenomenological implications of this interesting mixing pattern for neutrinoless double beta decay as well as conventional neutrino oscillations have been discussed in detail in Ref. [7] .
For the X matrix with two texture zeros of type-VI, the mixing angles are given by
Two Texture Zeros
Notice that the three phases α, β and γ can be absorbed into the charged lepton fields, therefore they are unphysical and hence do not appear in the above mixing parameters. The correlations between the mixing parameters Θ, δ CP and θ 1 are displayed in Fig. 1 . The blue rings are allowed parameter regions of Θ and θ 1 predicted by Eq. (14), where θ 13 and θ 23 are compatible with the preferred values from the neutrino oscillations global fit in [20] at the 3σ level.
The red points are obtained from a random numerical scan over the parameters Θ and θ 1,2,3 . We can see the allowed regions of Θ from the two different approaches are compatible with each other.
The lepton mixing matrix corresponding to the type-VII X matrix with two texture zeros, is related to the one of type-VI by the exchange of the second and the third rows. As a result, the lepton mixing parameters for the type-VII case are the same as those of type-VI except that θ 23 and δ CP becomes π/2 − θ 23 and π + δ CP respectively. A detailed analysis of theoretical predictions of the CP transformation matrices with two texture zeros will be given in the next section.
Finally, the CP transformation matrices with one texture zero and the corresponding Σ matrices are given in Table III. The corresponding expressions for the mixing matrix are obtained by using Eq. (2) and the mixing parameters can be extracted straightforwardly. For the type-VIII CP transformation with one zero element, the mixing angles
The correlations between the parameters Θ, δCP (red points) and θ1 (blue rings) for the case of type-VI CP transformation, where the three lepton mixing angles are required to lie in the experimentally preferred 3σ regions. 
The Jarlskog-like invariant associated with the Dirac CP phase has the form 
while the invariants associated with the Majorana phases are
The probability distribution of the atmospheric mixing angle sin 2 θ23, and the CP violating phases δCP , α21 and α31 predicted for the case of type-VI residual CP transformation. All the parameters θ1,2,3 and Θ are taken to be random numbers in the range [0, 2π], and the three lepton mixing angles are required to be compatible with experimental data at 3σ level [20] . 
For the type-X remnant CP transformation with one zero, we find that the resulting lepton mixing matrix is related ) as a benchmark example.
with the previous case through the exchange of the second and third rows. The expressions for the reactor and solar mixing angles, as well as for the I 1 and I 2 invariants, are the same as those of Eqs. (17, 20, 21) , while the atmospheric mixing angle sin 2 θ 23 becomes 1 − sin 2 θ 23 . The Dirac CP phase δ CP becomes π + δ CP so that the overall sign of the Jarlskog invariant is reversed.
FIG. 5:
The probability distribution of the lepton mixing parameters sin 2 θ23, δCP , α21 and α31 predicted for the case of type-X residual CP transformation. All the parameters θ1,2,3 and Θ are taken to be random numbers in the range [0, 2π], and the three lepton mixing angles are required to be compatible with experimental data at 3σ level [20] .
III. DEMOCRATIC CP SYMMETRY AS AN EXAMPLE WITHOUT ZERO ELEMENTS
If no entry of the residual CP transformation X vanishes, the explicit form of X can not be fixed uniquely. For illustration, in this section we shall study a particular CP symmetry whose elements have the same absolute value.
That is to say, the absolute value of each element of X is equal to 1/ √ 3. In what follows it will be dubbed as democratic CP symmetry. In this case, the most general form of X can be written as
The unitary condition of X implies that β 1 , β 2 and β 3 should satisfy the following equalities e iβ1 +e −iβ1 +e i(β2−β3) = 0, e iβ2 + e −iβ2 + e i(β3−β1) = 0, and e iβ3 + e −iβ3 + e i(β1−β2) = 0. It can be easily checked that these equations have four pairs of solutions,
We can see that the four admissible CP transformations X
are related to each other as follows X
. As a result, we conclude that the four CP transformations
give rise to the same lepton mixing matrix up to a phase factor which can be absorbed by redefining the charged lepton fields. Furthermore, it can be easily checked that Σ 
The corresponding Takagi factorization and the prediction for the PMNS matrix can be straightforwardly obtained
FIG. 6: The probability distribution of the lepton mixing parameters sin 2 θ23, δCP , α21 and α31 predicted for the case of democratic CP symmetry. The parameters θ1,2,3 are taken to be random numbers in the range [0, 2π], and the three lepton mixing angles are required to be compatible with experimental data at 3σ level [20] .
IV. NUMERICAL ANALYSIS
Summarizing the above discussion, we see that type-I, -IV, -V, -VI, -VII, -IX, -X and -XI residual CP transformations with zero elements can accommodate the current experimental neutrino oscillation data [20] . In all these cases, the three mixing angles θ 12 , θ 13 and θ 23 as well as three CP phases δ CP , α 21 and α 31 are found to depend on just four free independent parameters Θ, θ 1 , θ 2 and θ 3 , where Θ characterizes the shape of the residual CP transformations.
This characterizes the degree of predictivity of our present framework. For example, the type-I CP transformation corresponds to the widely studied µ − τ reflection, and leads to θ 23 = 45
• , δ CP = ±90
• and α 21 , α 31 = 0 or π while the solar and reactor mixing angles are not constrained. On the other hand, the type-IV CP transformation with three texture zeros is diagonal, and corresponds to the conventional CP transformation. As expected, in this case all three CP phases are predicted to vanish. The CP transformation of type-V is the same as the generalized µ − τ reflection which has been discussed by us in Ref. [7] . For the case of Θ = π/2, our generalized µ − τ reflection reduces to the standard µ − τ reflection symmetry. This would provide an interesting new starting point for model building if either θ 23 or δ CP were established to be non-maximal by future neutrino oscillation experiments.
As we already mentioned, the lepton mixing matrices for the case of two-zero texture type-VI and type-VII are related by the exchange of the second and the third rows. The mixing angles and CP invariants are given in Eq. (13) and Eq. (15) respectively. In order to visualize the theoretical predictions in a more clear way, we perform a numerical analysis where the free parameters θ 1,2,3 and the CP parameter Θ are scanned over the range of [0, 2π], while the mixing parameters are calculated for each point, retaining only points that agree at 3σ level with experimentally determined mixing angles [20] . The correlations between the mixing parameters and distributions of the mixing parameters are plotted in Fig. 2 and Fig. 3 .
One sees that the three CP phases are strongly correlated with each other, the Majorana phase α 21 around π/5, 4π/5, 6π/5 and 9π/5 is preferred, and the Majorana phase α 31 around 3π/20, 17π/20, 23π/23 and 37π/20 is favored.
If we set a value to the CP parameter Θ then the explicit form of the CP transformation X is fixed, so that definite predictions for the CP phases are obtained. best fit values of the lepton mixing angles from [20] . As a consequence, the lepton mixing matrix is fully fixed up to the factorX −1/2 , and the values of the CP violating phases can be predicted, as are shown in Table IV for normal hierarchy (NH) and Table V for inverted hierarchy (IH). We can see that different values of the Dirac CP phase δ CP can be achieved. Note in particular that, for certain values of Θ, θ 1 , θ 2 and θ 3 , the magnitude of δ CP can be quite close to 270
• which is weakly favored by present data [21] .
The lepton mixing matrices for the one zero textures type-IX and -X differ by a permutation of the second and the third rows. The expressions for the mixing angles and CP invariants are given in Eqs. (17, 19, 20, 21) . The numerical results for the correlation among the mixing parameters and probability distributions of the mixing parameters are displayed in Fig. 4 and Fig. 5 . The strong correlations between different CP phases emerge once the value of the parameter Θ is fixed.
We see that θ 23 close to maximal mixing is favored for the type-X texture, and both Majorana phases α 21 and α 31 tend to close to 0, π and 2π. There appears to be no preferred δ CP phase within the viable parameter space.
Furthermore, we study some concrete benchmark cases in which the parameters Θ take on certain representative values. The value of the parameters θ 1 , θ 2 and θ 3 are fixed by the best fit value of the lepton mixing angles. In this way the CP violating phases can be predicted as listed in Table VI and Table VII for NH and IH mass spectrums respectively. Future long baseline facilities DUNE [22] , LBNO [23] , T2HK [24] can bring us increased precision on the Dirac phase δ CP . If δ CP was measured to be far from any of the values in Table VI and Table VII, the present proposal would be disfavored. parameter Θ is set to the representative values of π/9. 2π/17, 2π/9 and 3π/13. The parameters θ1, θ2 and θ3 are fixed by the requirement of reproducing the best fit values of the three lepton mixing angles for NH neutrino mass spectrum [20] .
We perform a numerical analysis by treating the parameters θ 1,2,3 as random real numbers scanned over the range Table VIII .
V. PHENOMENOLOGICAL IMPLICATIONS
Implications of the generalized µ − τ reflection symmetry have already been discussed in Ref. [7] . In this section, we shall consider the phenomenological implications of the residual CP transformations as we have classified above in Tables I, II and III, focussing on the case of "neutrino appearance" oscillation experiments and neutrinoless double beta decay. The cosmological implications for leptogenesis will be studied as well. 
FIG. 8:
The transition probability P (νµ → νe) at a baseline of 295km which corresponds to the T2K experiment. The neutrino oscillation parameters are taken within the currently allowed 3σ regions [20] . The plot correponds to the case of type-VI residual CP symmetry.
A. CP violation in conventional neutrino oscillations
The existence of leptonic CP violation would manifest itself as the differences in the oscillation probabilities involving neutrinos and anti-neutrinos in vacuum [25] :
where we have adopted standard definitions ∆ kj ≡ ∆m 
where the positive (negative) sign holds for (anti-)cyclic permutation of the flavour indices e, µ and τ . For the oscillation between electron and muon neutrinos, the transition probability of ν µ → ν e in vacuum is given by [25] P (ν µ → ν e ) P atm + 2 P atm P sol cos (
where √ P atm = sin θ 23 sin 2θ 13 sin ∆ 31 and √ P sol = cos θ 23 cos θ 13 sin 2θ 12 sin ∆ 21 . As a result, the oscillation probability asymmetry between neutrinos and anti-neutrinos in vacuum is of the form:
In order to accurately describe realistic long baseline neutrino oscillation experiments such as T2K, NOνA or the DUNE proposal, it is important to include the matter effect associated with neutrino propagation inside the Earth.
Indeed the latter could induce a fake CP violation effect. In this case the expressions for √ P atm and √ P sol in matter take the form:
where a = G F N e / √ 2, G F is the Fermi constant and N e is the density of electrons. The parameter a is approximately equal to (3500km) −1 for ρY e = 3.0g cm −3 , where Y e is the electron fraction [25] .
In Fig. 7 we show the ν µ → ν e transition probability as well as the neutrino-anti-neutrino asymmetry in matter, when the residual CP transformation matrix X is assumed to be type-VI. In this figure we require the oscillation mixing angles lie within their currently allowed 3σ region [20] . 
FIG. 9:
The transition probability P (νµ → νe) for type-VI residual CP symmetry case at a baseline of 810km which corresponds to the NOνA experiment. The neutrino oscillation parameters are taken within their currently allowed 3σ regions [20] .
In Figs. 8, 9 we show the corresponding behavior of the transition probability P (ν µ → ν e ) in terms of neutrino energy E, as well as of the CP parameter Θ describing our approach, when the CP symmetry matrix X to be type-VI,
for baseline values 295 and 810 km, which correspond to the current T2K and NOνA experiments, respectively. One sees that the allowed values of the CP parameter Θ describing our approach are quite restricted.
B. Neutrinoless double decay
The rare decay (A, Z) → (A, Z + 2)+e − +e − is the lepton number violating process "par excellence". Its observation would establish the Majorana nature of neutrinos irrespective of their underlying mass generation mechanism [26, 27] .
Within the simplest "long-range" light neutrino exchange mechanism its amplitude is sensitive to the Majorana phases. As discussed in [12] the most convenient parametrization of the lepton mixing matrix for the description of neutrinoless double decay is the fully symmetric one [6] . However, instead of using the "symmetrical" description as in [7] , here we stick to the PDG form [11] .
FIG. 10:
The effective mass |mee| describing neutrinoless double beta decay for type-I CP symmetry. Both reactor and solar mixing angles are required to be within the experimental 3σ interval [20] , while the atmospheric mixing angle is predicted to be maximal with θ23 = π/4. For the inverted neutrino mass ordering, the cyan region corresponds to (k1, k2) = (0, 0), (0, 1), and the purple area corresponds to (k1, k2) = (1, 0), (1, 1) . For the normal ordering, the brown, magenta, blue and dark green regions correspond to (k1, k2) = (0, 0), (0, 1), (1, 0) and (1, 1) respectively. The red and blue dashed lines indicate the 3σ boundaries allowed by current neutrino oscillation data [20] for inverted and normal neutrino mass ordering, respectively. For comparison we show also the most stringent upper bound from 0νββ searches, as well as current Planck sensitivity.
Up to relatively uncertain nuclear matrix elements [28] as well as experimental factors [29, 30] 
Notice that both Majorana phases α 21 and α 31 can be shifted by π by the matrixX −1/2 in Eq. (3). Under the
Hence without loss of generality, we can focus on four different cases (k 1 , k 2 ) = (0, 0), (0, 1), (1, 0) and (1, 1).
We illustrate our results for the effective 0νββ mass parameter |m ee | by considering the type-I CP symmetric scheme, given in Fig 10, the type-VI case, given in Fig. 11 , as well as the results for type-IX given in Fig. 12 . The residual CP transformations of type-V, type-VII and type-X don't lead to new results for the effective mass |m ee |
FIG. 11:
The effective mass |mee| describing the neutrinoless double beta decay amplitude. Using the current neutrino oscillation parameters at 3σ [20] one obtains the regions delimited by the red and blue dashed lines for inverted and normal neutrino mass ordering, respectively. In contrast to such generic case, the blue and orange regions correspond to letting Θ and θ1,2,3 as free parameters in the type-VI case, while the green and magenta regions correspond to Θ = mass parameter |m ee | cover more restrictive ranges than those expected in generic, non-CP symmetric schemes.
In particular, as illustrated by the green regions in the lower panels of Figs. 11 and 12 , the generalized CP symmetry assumption may prevent the destructive interference amongst individual neutrino contributions. This leads to lower bounds for the 0νββ decay rates even for normal hierarchical neutrino mass spectra. This behavior is a reminiscent of situations already encountered in the framework of specific flavour symmetry based models [35] [36] [37] [38] .
In the case of Σ matrix type-XI, the predictions for the effective mass of the neutrinoless double beta decay are shown in Fig. 13 . As one can read off from this figure, the effective mass |m ee | is around 0.026 eV or 0.040 eV for IH neutrino mass spectrum, which are within the sensitivity of planned 0νββ decay experiments. In the case of NH spectrum, the value of |m ee | is bounded from below: |m ee | ≥ 0.00065 eV for (k 1 , k 2 ) = (0, 0), |m ee | ≥ 0.00056 eV for (k 1 , k 2 ) = (0, 1), and |m ee | ≥ 0.0011 eV for (k 1 , k 2 ) = (1, 0), (1, 1).
C. Leptogenesis
The origin of matter-antimatter asymmetry in the Universe is a puzzling and unexplained phenomenon. Although
Sakharov discovered that CP violation is a necessary condition for explaining the matter-antimatter asymmetry of the Universe [39] , the the observed quark CP violation is insufficient for this purpose [40] . The idea that the generation of a primordial lepton-antilepton asymmetry early in the history of the Universe induces the observed cosmological baryon asymmetry has been studied extensively in recent years [41] [42] [43] . Although such "leptogenesis paradigm" is closely related with CP violation, the relation between generalized CP symmetries and leptogenesis remains, to a large extent, an open research topic. The scenario of two residual CP transformations preserved by the neutrino mass term has been analyzed in Ref. [44] , and all the leptogenesis CP asymmetries are found to only depend on one single real parameter besides the light neutrino masses and the parameters characterizing the remnant CP transformations.
In this section, we shall study the phenomenological consequence for leptogenesis if there is only one residual CP transformation in the neutrino sector. We shall consider the classical scenario of leptogenesis from the lightest righthanded (RH) neutrino N 1 decay in the type-I seesaw model. In the RH neutrino and charged lepton mass basis, the type-I seesaw lagrangian can be written as
where L α and l αR denote the standard model left-handed (LH) lepton doublet and RH lepton singlet fields with α = e, µ, τ and H is the Higgs doublet field with the vacuum expectation value v = H 0 = 174 GeV. The light neutrino mass matrix is given by the well-known seesaw formula
where we denote M = diag(M 1 , M 2 , M 3 ) and m = diag(m 1 , m 2 , m 3 ), and m i are the light neutrino mass eigenvalues.
The most general neutrino Yukawa coupling matrix compatible with the low energy data is given by [45] :
where R is generally a complex orthogonal matrix fulfilling RR T = R T R = 1.
The temperature of the universe at the very early time was extremely high and the lightest RH neutrino N 1 is in thermal equilibrium. As the temperature drops down to M 1 , the N 1 decay process N 1 → Hl α (Hl α ) and it's inverse process start to go out of equilibrium and an asymmetry between leptons and antileptons is induced accordingly. As the temperature of universe goes down to the critical temperature of the electroweak phase transition, the sphaleron interactions convert lepton asymmetry to baryon asymmetry. One can define the CP asymmetry generated by N 1 decays as [46] [47] [48] [49] [50] 
where
is the loop function with
As usual, we assume a hierarchical RH neutrinos mass spectrum M 1 M 2 M 3 which implies x j 1. As a consequence, the flavored CP asymmetries are approximately given by [43, [50] [51] [52] [53] [54] [55] :
Besides the CP parameter α , the final baryon asymmetry depends on the flavour-dependent washout mass parameters,
At temperatures T ∼ M 1 > 10 12 GeV where all lepton flavors are out of equilibrium, the total lepton asymmetry 1 is the sum of the α ,
which exactly the standard one-flavor result [42, 43] . In the present work we shall be concerned with temperatures (10 9 ≤ T ∼ M 1 ≤ 10 12 ) GeV. In this mass window only the interactions mediated by the τ Yukawa coupling are in equilibrium and the final baryon asymmetry is well approximated by [48, 52] Y B − 12 37 g * 2 η 417 589
where the number of relativistic degrees of freedom g * is taken to be g * = 106.75 as in the standard model. The combined asymmetry 2 = e + µ comes from the indistinguishable e and µ flavored leptons and m 2 = m e + m µ . The efficiency factor η( m α ) accounts for the washing out of the total lepton asymmetry due to inverse decays,
For the mass range of M 1 < 10 9 GeV, all the three flavours are distinguishable. and the final value of the baryon asymmetry can be approximated by [48] .
The baryon asymmetry will be typically too small to account for the observed value in this case.
In the same fashion as studying lepton flavor mixing in previous sections, we assume that the seesaw Lagrangian of Eq. (34) is invariant under a CP transformation. We suppose that the lagrangian in Eq. (34) is invariant under the following CP transformation
For the symmetry to hold, the neutrino Yukawa coupling matrix λ and the RH neutrino mass matrix M have to fulfill
One can immediately see thatX N should be a diagonal matrix with elements equal to ±1, i.e.
where the ± signs can be chosen independently. From Eq. (47) we can derive that the postulated residual CP symmetry leads to the following constraints on the R−matrix and lepton mixing matrix U [44] :
where X = diag (±1, ±1, ±1). Note that the same constraint on the R−matrix from the CP invariance was found in
Refs. [52, 56] As a consequence, the lepton mixing matrix is determined up to an orthogonal matrix U = ΣO 3×3X
as shown in Eq. (2). On the other hand, depending on the values ofX N andX, each element of the R−matrix satisfies R * ij = ±R ij so that R ij is either real or pure imaginary while R 2 ij must be real. Hence the total lepton asymmetry 1 is always predicted to be vanishing 1 = 0, no matter what form the residual CP X takes. Thus, at temperatures where all lepton flavors are out of equilibrium and the one-flavor approximation is valid, no baryon asymmetry can be generated in the present framework. In the rest of the paper, we shall focus on the flavor dependent leptogenesis, with M 1 having a value in the interval of interest 10 9 GeV ≤ M 1 ≤ 10 12 GeV.
Notice that both diagonal matricesX andX N are not constrained by the symmetry. In order to classify different possible cases in a concise and systematical way, we shall separate outX andX N explicitly and introduce the following notations:
Then U would be a real matrix, and K j is either +1 or −1. Furthermore, the CP asymmetry α and the washout mass parameter m α can be written as In the present formalism, we show that in general the lepton mixing angles and CP phases depend on three parameters θ 1,2,3 , and two more parameters ρ and ϕ are involved in prediction for the baryon asymmetry. In what follows, we shall apply the above general results to the cases of type-V and type-VI residual CP symmetries with Θ = 2π 5 and π 7 respectively. The values of θ 1,2,3 are determined to reproduce the best fit values of the three lepton mixing angles [20] . As a typical example, we choose the RH neutrino mass M 1 = 5 × 10 11 GeV, the lightest neutrino mass is taken to be m 1 (or m 3 ) = 0.01 eV, and the mass-squared splittings ∆m • Type-V CP symmetry with Θ = 2π 5
It is the so-called generalized µ − τ reflection symmetry [7] . The explicit form of the X matrix, its Takagi factorization matrix Σ and the corresponding predictions for mixing parameters are collected in Table II . From Eq. (48) we know that the R−matrix and the mixing matrix U have the following properties
It follows that the CP asymmetry e is vanishing e = 0 independent of the value of Θ in this case. The remaining two CP asymmetries µ and τ are related as µ = − τ which is inferred from general prediction 1 = α α = 0.
In order to accommodate the best fit values of the mixing angles [20] in the plane ϕ versus ρ in Fig. 14 . We see that successful leptogenesis can happen except for NH neutrino mass spectrum with (K 1 , K 2 , K 3 ) = (−, −, +).
• Type-VI CP symmetry with Θ = in the ρ − ϕ plane in Fig. 15 . As can be seen, we can have successful leptogenesis except for the cases of NH neutrino masses with (K 1 , K 2 , K 3 ) = (−, −, +) and IH with (K 1 , K 2 , K 3 ) = (+, −, −).
We also study the predictions for leptogenesis in the type-XI case. in the plane ϕ versus ρ is shown in Fig. 16 . The existing matter-antimatter asymmetry can be reproduced for appropriate values of ρ and ϕ except the case of NH with (K 1 , K 2 , K 3 ) = (−, −, +).
VI. CONCLUSIONS
In this paper we have given a full classification of generalized CP symmetries preserved by the neutrino mass matrix, taking as basis the number of zero entries in the transformation matrix. We have determined the corresponding constrained form of the lepton mixing matrix. We have shown how this results in correlations between the lepton mixing angles and the Majorana and Dirac CP violating phases. We have also mapped out the corresponding restrictions that follow from current neutrino oscillation global fits and found that, in some cases, the Dirac CP violating phase characterizing neutrino oscillations is highly constrained. Focussing on the expected CP asymmetries for the "golden" oscillation channel we have derived implications for current long baseline neutrino oscillation experiments T2K, NOνA, forecasting also the corresponding results for the upcoming long baseline DUNE experiment. We have also discussed the predicted ranges for the effective neutrino mass parameter characterizing the neutrinoless double beta decay rates. Finally we have also studied the cosmological implications of such schemes for leptogenesis.
The results of this paper are quite general in the sense that they are independent of how the assumed residual CP symmetry is dynamically achieved. If the residual CP symmetry X originates from the breaking of the generalized CP symmetry compatible with a finite flavor symmetry group G f , the admissible form of the residual CP transformation would be strongly constrained to satisfy the consistency condition. If X has at least one zero entry, it would belong to one of the cases studied in the present work. The corresponding prediction for lepton mixing matrix could be straightforwardly obtained by exploiting the master formula Eq. (2) . In this paper we have discussed the possible mixing patterns which can be achieved in this method, and the resulting phenomenological predictions for neutrino oscillation, neutrinoless double beta decay and leptogenesis. By comparing with the extensively studied scenarios with two residual CP transformations preserved in the neutrino sector [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] , one expects to obtain new phenomenologically viable mixing patterns and new predictions for the CP violation phases. | are taken to be the best fit values [20] . We set θ1 = 58.026
• [57] .
Note that successful leptogenesis is not possible for NH neutrino masses with (K1, K2, K3) = (−, −, +). We have chosen M1 = 5 × 10 11 GeV, m1(or m3) = 0.01 eV. The mass-squared differences ∆m | are taken to be the best fit values [20] . We set θ1 = 178.345
• [57] . Note that successful leptogenesis is not possible for NH neutrino masses with (K1, K2, K3) = (−, −, +) and IH case with (K1, K2, K3) = (+, −, −). | are taken to be the best fit values [20] . We set θ1 = 176.556
• [57] . Note that successful leptogenesis is not possible for NH neutrino masses with (K1, K2, K3) = (−, −, +).
